Self-propelled nanomotors offer considerable promise for developing novel biosensing protocols involving 'on-the-fly' recognition events. This article reviews recent advances in using catalytic nanomotors for bioaffinity sensing and for isolating target biomolecules and cells from complex biological samples. A variety of receptors, attached to self-propelled nanoscale motors, can thus move around the sample and, along with the generated microbubbles, lead to greatly 
Introduction
Locomotion of nanoscale objects through fluid environments is one of the most exciting fields of nanotechnology Guix et al, 2014 , Paxton et al, 2004 Ozin 2005; Mei et al, 2008; Pumera 2010 (Reviewer 2) ). Recent efforts have led to the development of a wide range of nanomotors based on different propulsion mechanisms. These include chemically-powered motors that convert chemical energy into autonomous motion (Paxton et al, 2004; Mei et al, 2011; Sanchez et al, 2015; Solovev et al, 2009 ) and fuel-free motors that rely on variety of external stimuli, such as magnetic or ultrasound actuations (Peyer et al, 2013; Kagan et al, 2012) .
Such synthetic nano/microscale motors represent a major step towards the development of practical nanomachines. Advanced fabrication schemes used for creating such nanomachines can impart new functionalities and capabilities. These recent advances and new capabilities have opened up new sensing opportunities and bioanalytical applications. These involve not only new sensing applications in previously inaccessible microscale environments but primarily fundamentally new sensing approaches based on the motor movement.
This article reviews recent advances in using self-propelled nanomotors for bioaffinity sensing and for isolating target biomolecules and cells from complex body fluids. Bioffinity sensors, that exploit selective recognition of specific target species for triggering useful signals, represent a major class of modern biosensors (Cosnier, 2005; Wang, 2006; Merkoci 2013) .
While low detection limits are required to facilitate early disease detection, such ultrasensitive detection remains a major challenge to bioaffinity assays in view of the ultrasmall sample volumes. Common bioaffinity sensors rely on placing the sample droplet over the receptormodified transducer and measuring the extent of the analyte-receptor interaction following an incubation period under quiescent conditions. Such droplet-based bioassays thus rely solely on diffusion transport. Fundamental studies revealed that the detection limits for such bioaffinity assays reflect the analyte transport limitations, and not a signal transduction limitation (Sheehan and Whitman, 2005) . Enhancing the mass transport by using convection, e.g., solution stirring, is 3 often challenging for increasing the response of such microassays. Attempts in this direction have included acoustic streaming, air-driven bladders, or moving boundaries (Links, 2012; Adey et al, 2002; Morales-Narváez 2014) . (Reviewer 1, Comment 1). Bioaffinity interactions are also widely used for separating and isolating biological targets from raw biological samples. Such isolation processes are extremely challenging owing to the complexity of body fluids and rely on laborious time-consuming procedures.
The motion-based biosensing strategy relies on the continuous movement receptor-modified microengines through such complex samples in connection to diverse 'on-the-fly' biomolecular interactions. Such movement of the receptor around a complex sample promotes its interaction with the target analytes and represents a fundamentally new paradigm in analytical chemistry. In particular, bubble-propelled catalytic micromotors, functionalized with different bioreceptors, described in this article, provide a new 'on-the-fly' approach for bioaffinity assays and for isolating target biomolecules from complex biological samples and transporting them to a clean environment for downstream analysis Kagan et al, 2011; RestrepoPérez et al, 2014) . Movement of the bioreceptor around the sample leads to a new approach for bioaffinity assays and bioseparations that addresses the limitations associated with the slow analyte transport under quiescent conditions used in such microassays ( Figure 1A ). Unmodified self-propelled micromotors can also enhance greatly analyte-receptor interactions through the increased fluid transport and mixing associated with the motor movement and generated microbubbles tail (Figure 1B ). Such mixing induced by the micromotor motion can assist the transport of the target molecule within the sample solution toward an immobilized receptor (Morales-Narváez 2014). Such motion-based sensing strategy thus holds considerable promise for diverse biosensing and biochip applications, involving a variety of selfpropelled receptor-modified microtransporters and involving different biomolecular interactions.
The motor-based 'capture-and-transport' approach leads also to effective isolation of biological targets of different scales from unprocessed biological samples.
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The successful realization of the new motion-based bioaffinity sensing and separation concepts requires an optimal propulsion behavior and a large towing force of individual microtransporters in complex biological matrices along with control of their surface chemistry and directionality. We will thus discuss first the fabrication and operation of tubular microengines that are most commonly used in such motion-based biosensing and separation, followed by other practical considerations, novel sensing strategies, analytical performance and future prospects of these self-propelled biosensors.
Tubular Microengine Transporters
Among chemically-powered nanomotors, tubular microengines are particularly attractive for biosensing applications due to their efficient bubble-induced propulsion in relevant biological fluids containing hydrogen peroxide fuel (Mei et al, 2011 , Sanchez et al., 2015 . Bubblepropelled tubular microengines ('microrockets') have been developed to address the limitation of catalytic nanowire motors to low ionic-strength media. Such tubular microengines display high speed and power, along with a precise motion control and can be easily modified to impart new functionalities and capabilities. Tubular microengines have been commonly fabricated using standard photolithography or template electrosynthesis procedures (Mei et al, 2008; Gao et al, 2011) . The resulting tubular microengines have an inner (catalytic) Pt surface, a diameter opening of 2-10 µm and are typically 5-100 µm long. The oxygen-bubble propulsion thrust of these tubular microengines is associated with the decomposition of the hydrogen peroxide fuel on the inner catalytic platinum surface. The conical shape of the microengine assists in the unidirectional bubble evolution, with small amounts of surfactant (e.g., 2% sodium cholate) (Reviewer 1, Comment 3). are used to promote this bubble evolution and release. The movement of the micromotor can be controlled using external mechanisms, including magnetic or ultrasound fields, as well as temperature or light stimuli (Balasubramanian et al, 2009; Wang and Manesh 2010; Restrepo-Pérez et al, 2014; Rao et al, 2015) . (Reviewer 1, Comment 2). For example, the incorporation of a magnetic layer (e.g., Ni) during the preparation process allows for a precise magnetic navigation of their movement within narrow microchip channels. Tubular microengines based on metals others than platinum have been developed recently. In particular, zinc-based microengines have been developed for efficient propulsion in acidic (stomach) media and were recently used for the first operation of micromotors in living organisms (Gao et al, 2015 ).
An outer gold or polymeric layer can be used to functionalize the tubular microengines with different bioreceptors (using the surface chemistry described below). Such surface functionalization reduces the speed of these micromotors from ~500-1000 body-lengths per second (bl/s) for the bare microengines to ~100 bl/s for receptor-functionalized motors in the presence of 1-5% of the peroxide fuel. (Reviewer 1; Comment 3) These modified motors display lower speeds, down to 20 bl/s, in biological media.
Such movement of the bioreceptor around the sample leads to a fundamentally new approach for bioaffinity assays and bioseparations. In particular, the localized fluid convection and vortex streams, associated with the rapid movement of these self-propelled microtransporters and their bubble tail, lead to a favorable hydrodynamic environment which enhances the kinetics of the binding reaction and promotes the interaction of the target analytes with the receptor Orozco et al, 2014) (Figure 1) . This 'built-in' induced fluid transport represents a unique advantage of the micromotor isolation strategy.
We examined of the effect of bubble-propelled tubular microengines on the enhanced diffusion of passive microsphere tracers . The tubular microengines were found to substantially increase the displacement of such tracer microparticles through fluid convection induced by the bubbles produced during their propulsion. This study highlighted the key role played by the generated bubbles upon the increased fluid transport in the presence of tubular microengines. Because of the strong coherent flows driven by the rising bubble emerged from the motors, the enhanced transport of passive tracer and fluid motion observed in the presence of tubular microengines was found to be substantially larger than for other types of common catalytic micromotors, including as bimetallic nanowires and Pt-Janus microspheres.
The increased fluid transport associated with such movement of functionalized motors and with generated bubbles greatly enhances the analyte-receptor interactions.
Isolation of biomaterials based on receptor-functionalized microengine microtransporters
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The selective isolation of biological targets from untreated complex samples is a very challenging task that offers considerable promise for disease diagnosis or food safety. The 'capture-and-transport' operation of receptor-functionalized micromotors can offer the selective sorting of biological targets from complex samples Restrepo-Pérez et al, 2014) . Different biomolecular interactions have been used for separating biological targets of varying scales, ranging from the molecular to cellular levels. Target analytes can thus be captured and transported to a clean environment, thus avoiding laborious sample preparation steps. Such operation of receptor-functionalized micromotors can also replace the wash steps of common bioaffinity assays.
The sophisticated transport capabilities of protein motors (e.g., kinesin) have inspired the use of synthetic nanomotors for performing target isolation applications. Such biomotors are involved in intracellular transport of different cargos (e.g., vesicles) along microtubule filaments using ATP hydrolysis as energy source (Vale 2003) . Motor proteins were used also for manipulating nanoscale components in artificial environments (van den Heuvel and Dekker, 2007; Schmidt and Vogel, 2010) . For example, antibody and DNA-functionalized kinesin motors were used for transporting liposomes or nucleic acids along microtubule 'tracks' in engineered microsystems (Schmidt and Vogel, 2010; Hiyama et al, 2008 , Fischer et al, 2009 ).
However, the limited operational stability of protein motors in artificial environments and the need for microlithographic tracks to guide their movement, hinder their practical applications in complex biological samples.
The high propulsion power, ease of navigation and surface modification of catalytic microtransporters lay the foundation for the motor-based biosensing and isolation strategy.
Bubble-propelled tubular microengines are particularly attractive for performing the challenging tasks of capture, transport and release specified cargoes. Functionalized microengines selectively capture the target in a complex sample and can be guided to a clean zone for subsequent detection of the captured target. In this way, such microengines are not only acting as selective microtransporters for the rapid target isolation from raw biological samples, but also creating the possibility of further quantification of the target analyte. Larger targets, e.g., cancer cells, can be captured and directly identified with an optical microscope .
Different detection techniques can be used to monitor the binding event of small molecules (e.g., using fluorescent tracers). For example, a direct optical visualization of the captured target on moving microengines can be realized using a biotin-labeled detection molecule that can actively bind to streptavidin-coated fluorescent nanoparticle tags. The micromotor separation concept is applicable for the isolation of different types target biomolecules in connection to diverse surface receptors and biomolecular interactions (Figure 2) . Note the direct visualization of binding and transport using the fluorescent tracers or the target cell itself.
It is important to note that the fuel and surfactant (H 2 O 2 and NaCh, respectively), essential for the movement of microengines in biological fluids, do not noticeably affect the surface chemistry (required for receptor functionalization) and the corresponding biological interactions 
Microengines with a 'Built-In' Recognition
In addition to a separate receptor functionalization step, it is possible to exploit the 'built-in' recognition properties of the outer polymeric layer of the microengines. The selective binding properties of the outer layer of such bilayer tubular micromotors can thus be used for designing microtransporters with a 'built-in' recognition. Two such microengines routes, with a 'built-inrecognition', have been reported. For example, Wang and colleagues described a poly(3-aminophenylboronic acid) (PAPBA)/Ni/Pt microtube engine for 'on-the-fly' separations of carbohydrates (Kuralay et al, 2012) . These microengines combine the recognition of samples. The template-imprinted microtransporter 'capture-transport' concept was illustrated using av-FITC as a model protein (Figure 3) . Another molecularly imprinted microtransporters, based on Janus microsphere motors with specific molecular recognition ability, was also developed (Huang and Shen, 2014) . Imprinted sites for the drug propranolol were introduced into Janus micromotors by cross-linking polymerization. The resulting self-propelled microtransporters could also be used as autonomous carriers for controlled drug delivery. The MIP-based micromotor concept it could be readily extended for the separation and isolation of diverse target analytes, offering great promise for biomedical and environmental applications.
Receptor functionalization and related surface chemistry
As with conventional bioaffinity sensors, the quality of the receptor-containing surface layer, on the moving microengine, is of extreme importance for achieving high analytical performance.
A judicious modification of the surface of tubular micronengines is essential to ensure high binding efficiency, specificity and minimization of non-specific adsorption. Control of the surface chemistry and of the receptor density on the microengine is thus crucial for the success of the motor-based biosensing and bioseparation. Our effort have demonstrated the rational functionalization of tubular microengines with different receptors (Figure 2 ) and that such functionalization does not hinder their propulsion efficiency.
Two routes involving covalent interactions have been widely used for functionalizing tubular microengines with the bioreceptor. These include self-assembled monolayer (SAM) chemistry in connection to our gold surfaces (Steel et al, 1998) or via EDC/NHS coupling to 9 carboxy moieties on outer polymeric layers (Garcia et al, 2013) . Streptavidin-functionalized micromotors could also be used in connection to biotylated receptors. SAM chemistry is commonly used to modify the gold surface with a receptor selected in accordance to the target analyte (cells, nucleic acids, proteins and other biomarkers), by using specific surface chemistry protocols.
In particular, mixed alkanethiol monolayers of mercaptoundecanoic (MUA)/mercaptohexanol (MCH) offer a balance among minimal non-specific interactions, high loading, and preferred orientation (Levicky et al, 1998) . For example, attachment of an antibody can be accomplished through carboxyl-terminated groups of MUA via a EDC/NHS chemistry (Fig. 5a, b ) (Briand et al, 2006) . The surface of the microtransporters can be also modified with a binary SAM composed of thiolated oligonucleotides and short MCH spacers when DNA and aptamers are used as receptors. The MCH spacer induces "standing up" of these nucleic acid receptors to ensure optimal interaction and minimize non-specific adsorption (Levicky et al, 1998) . Some diminution in the microengine's speed may occur due to some sulfur poisoning of the inner catalytic platinum surface. Instead of gold outer layers, it is possible to use mixed polymeric layers (e. 
Antibody-Functionalized Microengines for Selective Biodetection
An attractive microchip immunoassay protocols, based on the movement of antibodyfunctionalized synthetic tubular microengines within microchannel networks, was developed by Wang's team (Garcia et al, 2013) . As was described in the previous section, such polymer-Pt microengines contain carboxy moieties on their outer polymeric layer and can be functionalized globigii spores (Figure 6 ). High selectivity against excess of non-target Staphylococcus aureus and Escherichia coli species was demonstrated, along with successful operation in common environments where spores can be found (e.g., lake or tap water). Subsequently, accelerated destruction of anthrax simulant spores was illustrated through greatly motorinduced enhanced mixing of mild quiescent oxidizing solutions.
Immunoassays can also greatly benefit from the convective transport induced by the motion of unmodified micromotors. Merkoçi and colleagues described a greatly enhanced microarraybased immunosensing based on mixing induced by the motion of self-propelled microengines (Morales-Narváez et al, 2014). Antibody microarrays were thus spotted as bioreceptors and the target was detected in samples containing self-propelled polymer/Pt tubular micronegines, which induce a mixing effect to improve mass transport. Such motor-based array concept can be extended to DNA and cell analyses. A new 'signal-on' motor-based DNA sensing route was developed recently by Minteer's group (Nguyen and Minteer 2015) . This elegant protocol relies on a tubular microengine that displays movement only in the presence of DNA target. Such "turn on" characteristic is achieved by the recruitment of Pt nanoparticle-DNA conjugate as motion-inducing catalyst for micromotors through DNA hybridization. Such hybridization-induced capture of the catalytic Pt nanoparticles leads to the motor movement in the presence of the peroxide fuel. Such 'SignalOn' micromotor approach could be extended to bioaffinity sensing of other biological targets.
Capture and sorting of cancer cells at antibody-functionalized microtransporters
Simmchen et al. described another motion-based DNA detection involving direct visual tracking of cargo (Simmchen et al, 2012) . The method relied on silica microparticles that were functionalized with catalase and single-stranded DNA. Without hybridization of the target DNA, the motor was not connected to the detection system (cargo). In contrast, the hybridization event led to a detectable movement of the cargo by optical microscopy. (Reviewer 1, Comment 4)
Target Loading and Unloading of Using Microengines Functionalized with Aptamers or
Lectins.
Wang and coworkers demonstrated an aptamer-microtransporter platform for the selective binding and transport of target proteins . The concept was illustrated by the highly selective isolation of thrombin from untreated biological samples (e.g., serum, plasma) using self-assembly of a mixed thiolated thrombin-ATP aptamer/MCH layer on the gold surface of tubular microengines. The results demonstrate the high selectivity towards the target thrombin protein with an effective discrimination against a large excess of non-target proteins.
Quantitative isolation of protein targets was obtained using fluorescent tags and by adjusting the solution concentration and incubation time. Triggered release of the captured thrombin from the surface-bound mixed thrombin-ATP aptamer was accomplished in the presence of ATP.
A nanomotor bacteria isolation strategy involving the movement of ConA-functionalized gold/nickel/polyaniline/platinum tubular microengines to scour, interact and isolate pathogenic bacteria from distinct complex samples has been demonstrated (Campuzano et al, 2012) .
Controlled release of the captured bacteria from a moving microengine was achieved using a low-pH glycine solution able to dissociate the lectin-bacteria complex. Such ability to isolate and unload target bacteria is essential for identifying pathogenic bacteria serotypes. The practical utility of the new microengine approach was illustrated by the ability of the lectin-modified microengines to recognize the target bacteria in different E-coli-inoculated real samples, ranging 14 from apple juice to seawater. The ability of the microengines to simultaneously capture and transport both the target bacteria and polymeric drug-carrier spheres toward "on-the-spot" therapeutic action was illustrated.
Towards nanomotor-based Lab-on-Chip devices Error! Bookmark not defined.
The integration of functional nanomotors into functional microchip devices could lead to a new generation of labs-on-a-chip systems with attractive analytical capabilities. The nanomotorbased target isolation protocol could be readily incorporated into microchannel networks for creating advanced microchip devices integrating autonomous capture-transport-release-detection operations. Such active transport of captured target molecules by self-propelled receptormodified microtransporters propelling in quiescent solutions within microchannel networks represent an attractive alternative to current pressure-driven or electrokinetic flow-based microfluidic devices. Protein motors were used previously in lab-on-a-chip formats. In particular, kinesin/microtubule-based molecular shuttles were used for the pick-up and guided transport of selected cargo (van den Heuvel and Dekker, 2007) Synthetic nanomotors are highly compatible with engineered microsystems and can be readily adapted to different lab-on-a-chip platforms (Garcia et al, 2013; Restrepo-Pérez et al, 2014) . The ability of different artificial nanomotors to transport variety of cargo through a microchannel network with or without a hydrostatic flow has been demonstrated (Burdick et al, 2008; Sanchez et al, 2011a ). The precise motion control and large towing power allow the concentrating mechanism towards on-chip ultratrace detection. This preconcentration system requires no external energy source, hence facilitating integration and miniaturization. Two types of microchips, containing chevron and heart-shaped geometries, were used to demonstrate the trapping and confinement of micromotors due to the steric hindrance that these physical boundaries cause on their movement.
Conclusions
The article has reviewed recent advances in using self-propelled nanomotors for bioaffinity 
